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We use first-principles calculations to study the energetics of intrinsic defects in Ti2AlC and the
effect of N or O impurity atoms on the generation of Al vacancies. The insertion of impurity atoms
lowers the vacancy formation energy of its neighboring Al. The formation of Al vacancies is related
to the experimental observations of growth of AlN or Al2O3 nanowires and nanofibers on the surface
of Ti2AlC. Since the growth of these nanostructures is controlled by the generation and migration
of intrinsic defects, we propose that a tunable method for synthesis of such nanostructures is
possible by controlling impurities. © 2008 American Institute of Physics.
DOI: 10.1063/1.3058718
A tunable method for generating nanoscale binary ni-
trides or oxides on the surface of Mn+1AXn phases where M
is an early transition metal, A is an A-group element, and X is
carbon and/or nitrogen is attainable in desired exterior at-
mosphere via the mechanism of combination of escaped
A-group element and ambient atom. Scanning electron mi-
croscopy and transmission electron microscopy studies have
shown appreciable amount of binary compounds formed on
the surface of MAX phases during high-temperature
treatment.1–4 For example, single-crystalline AlN in hexago-
nal wurtzite structure and Al2O3 nanowires have been syn-
thesized by the nitridation of Ti3Si0.9Al0.1C2 solid solution;1
silica nanofiber has been formed on the fracture surfaces of
Ti3SiC2 after creep failure.2 Most importantly, the character-
istic crystal structure of MAX phase is still maintained with
either A-group atoms depletion or substantial impurity atom
present originating from residual gas or solid phase
reactions.5–8 It implies that MAX phases can serve as stable
source for producing desirable binary nitrides or oxides in
nanoscale. Inspired by the highly anisotropic hexagonal crys-
tal structure of MAX phases, wherein slabs of nonstoichio-
metric transition metal carbides are weakly coupled by
atomic planes of A-group element, the nanoscale compound
formation can be better understood by a constrained two-
dimensional nanoscale free path for A-element atom passage.
What is more interesting, some typical MAX phases, such as
Cr2GaN and Zr2InC, can also extrude A-element filaments at
room temperature.9,10 If desirable nitrogen atmosphere is
provided, it is of great possibility that high-quality techno-
logically important GaN or InN material in nanoscale can be
obtained. These phenomena suggest that a tunable method
for producing nanoscale nitrides or oxides, whose growth
should be controlled by the generation and migration of in-
trinsic defects, as well as appropriate chemical environment
change, is possible. A deeper knowledge of interaction be-
tween impurity atom and point defects in MAX phases is
thus technologically crucial for the production of desirable
nanoscale materials by tuning ambient environments.
The special interest on Ti2AlC originates from the fact
that it is a serious candidate for a number of practical appli-
cations. In this letter, we investigate all possible intrinsic
point defects, i.e., antisite, interstitial, and Frenkel pair in
Ti2AlC, and study the role of chemical potential using ab
initio density functional theory. Then a formalism based on
thermodynamical equilibrium consideration of Ti2AlC with
N, O impurity solubility and a given AlN or Al2O3 is es-
tablished to explain the promoted effects of these impurity
atoms on the generation of Al vacancy in Ti2AlC.
We have adopted a defect-in-supercell model based on
the first-principles calculations. This was implemented using
the CASTEP code.11 The calculations were performed in a
plane-wave basis, using fully nonlocal Vanderbilt-type
ultrasoft pseudopotentials to describe the electron-ion
interaction.12 Exchange and correlation were treated by the
Perdew–Wang functional,13 adding a nonlocal correction in
the form of the generalized gradient approximation. The en-
ergy cutoff for the plane-wave basis set used throughout this
work was 550 eV for atomic and cell relaxations. Brillouin
zone sampling was performed using the Monkhorst–Pack
scheme.14 We employed 32 atoms for single defect calcula-
tion and 72 atoms for defect cluster, which were in accord
with 221 and 331 supercells.
The open-spaced region in Ti2AlC, as highlighted by
gray colors in Fig. 1a, accommodates almost all intrinsic
aElectronic mail: jywang@imr.ac.cn.
FIG. 1. Color online a Starting configurations of possible interstitial sites
as the smallest balls in Ti2AlC. Gray regimes illustrate the open-spaced
region. b Configurations of Al atom first-nearest neighboring to the in-
serted impurity interstitials of N and O in Ti2AlC supercell.
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defects. The high-symmetry interstitial sites are modeled as
the smallest atoms. In the Al atomic layer, interstitial site Itri
is in the center of a bitriangular pyramid with Ti atom on the
vertex, whereas Ipri is encompassed by two Ti hexagonal
rings of the lower and upper basal plane. Another high-
symmetry interstitial site Ioct can be characterized by an
octahedron surrounded by three Al and three Ti atoms. A
Frenkel defect is formed by moving an atom from its lattice
site to the neighboring interstice. We generate Frenkel de-
fects only for Al and C species with smaller radii. For anti-
site, we study two cases of Ti atom substituting on Al site
and in the reverse, we do not substitute Ti or Al atom on C
sites due to the large electronegative difference and vice
versa.
The stability of defective structure usually depends on
the environmental variables, and chemical potential analysis
is employed here to compare the stability of defect structures
as a function of environmental conditions.15,16 The formation
energy of each defect in Ti2AlC can be defined as
Ef = EnTi,nAl,nC − nTiTi − nAlAl − nCC, 1
where EnTi ,nAl,nC is the total energy of a supercell con-
taining the defect and ni and i, respectively, are the num-
bers of host atoms and the reference state chemical potential
of each species. To avoid precipitation of elemental solids,
the atomic chemical potentials should be smaller than that of
the corresponding elemental solid. Denoting i=i−i
solid
we thus have
Ti 0, Al 0, C 0. 2
To maintain a stable Ti2AlC compound at equilibrium con-
dition, it is also required
EfTi2AlC = 2Ti + Al + C, 3
where EfTi2AlC is the heat of formation of bulk Ti2AlC.
Equations 2 and 3 limit the chemical potentials in the
triangle with vertices decided by Ti ,Al,C. For vi-
sual simplicity and easy comparison for defect species, each
bound line of triangle is chosen to illustrate the dependence
of formation energy on respective chemical potential of each
component in Fig. 2.
If precipitation of binary compounds such as Al4C3, TiC,
and TiAl is considered, possible chemical potential for stable
Ti2AlC changes to narrow bounds, as shown by the gray
zones in Fig. 2. The arrows indicate outer regions for binary
bound phases. For example, in Fig. 2a whose formation
energy changes as function of Ti chemical potential, away
from the right border of gray zone, TiAl will appear with
increment in Ti chemical potential and Al4C3 will be present
if Ti chemical potential goes beyond the reverse border.
In Fig. 2, the calculated results for intrinsic defects such
as interstitials and antisites, as well as Frenkel pairs, under
different chemical environments are displayed. The result for
vacancy has been reported before6 and is also displayed here
for a better comparison. As can be noticed from Fig. 2a, Ti
vacancy is recognized as the most unlikely defect species for
every available chemical potential, whereas the formation
energy for antisite TiAl is quite low and has a negative value
in Ti- and C-rich environment in particular. It is suggested
that energy gain can be achieved on substituting Ti atom on
Al lattice site. It is apparent from Fig. 2b that in C-rich
environment, extra C atom can be accommodated almost
equally in two interstice sites Ef IC-tri is only 0.035 eV
lower than Ef IC-oct. Figure 2c shows that in Al-rich en-
vironment, Al disorder is preferred by either incorporating Al
atom in open interstice IAl-pri or substituting Al on Ti sites
depending on the relative abundance of carbon vacancy. In
detail, aluminum interstitials will dominate when carbon va-
cancies are in excess, whereas antisite AlTi will be more
energetically favorable in C-rich environment. Independent
of the chemical potential of the surrounding reservoir, Al/C
Frenkel pair is metastable defect cluster with relatively high
formation energy of about 2.4 and 3.2 eV, respectively.
Small impurity atom, such as N or O, associated with
natural atmosphere is known to be able to permeate into
Ti2AlC bulk materials5 and is able to strongly affect the be-
havior of intrinsic defects due to chemical environment
changes. The most favorably occupied interstice for N/O at-
oms is IN/O-tri, whose formation energies are 0.8 and 1.2 eV,
respectively, lower than the counterparts for IN/O-oct. As
shown in Fig. 1b, the removed Al atom is chosen first-
nearest neighbor to the inserted impurity atom.
To make the calculations tractable we consider the con-
dition of practical interest, in which case Al-based binary
compound does form. That is, we have thermal equilibrium
between impurity-atom involved Ti2AlC and Al-based binary
compound, Al2O3 or AlN. Equality of the chemical potential
of Al atom in coexisting defective Ti2AlC structure and pre-
cipitate Al2O3 or AlN then requires
Al
N/O-involved-Ti2AlC = Al
AlN/Al2O3
. 4
The defect formation energy in this case is then calculated by
Ef = EnTi,nAl,nC,N − nTiTi − nCC − 1 − nAlN
− nAlAlN 5
or
Ef = EnTi,nAl,nC,O − nTiTi − nCC − 1 − 3/2nAlO
− 1/2nAlAl2O3.
The composition gradients for the gas phases, N2 and
O2, through the scale can be better understood at this time by
the induced internal gas pressure gradients, which in turn
strongly influence microstructure development. We assumed
an ideal gas behavior of nitrogen and oxygen, and their
chemical potential can be referenced at T=0, p=0 condi-
tion to one half of the total energy of the molecule N/OT
=0, p=0= 12EN2/O2
total
. Then the chemical potential was calcu-
lated using the well-known thermodynamic expression for
ideal gases,
FIG. 2. Color online Different defect formation energies plotted with re-
spect to the chemical potential of each component in Ti2AlC. In each dia-
gram, the gray region shows the stable region of pure Ti2AlC, and the arrow
indicates the chemical potential region for secondary bulk phase
precipitation.
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N/OT,p = N/OT,p0 + 1/2kT lnpN2/O2/pN2/O2
0  6
in which p0 is the pressure of reference state. The tempera-
ture dependence of the chemical potentials T , p0 at the
reference pressure p0 can be taken from thermochemical ref-
erence tables.17
In Fig. 3a we show the results of the formation energy
of IN/O-tri+VAl clusters for given Al-involved phases using
the above equations, as well as that of single Al vacancy for
comparison. As seen in Fig. 3a, the formation energy of
clusters is lower than that of single Al vacancy in high gas
pressure condition but higher in low gas pressure condition.
The negative formation energies of IN/O-tri+VAl clusters in
high pressure conditions indicate that Al atoms removal can
occur spontaneously when N or O atom is incorporated into
Ti2AlC bulk, but when pressure is low, this phenomenon will
be dramatically suppressed. However, we are more con-
cerned about the stability of Al vacancy when impurity at-
oms have already been incorporated in Ti2AlC, and in next
we consider the relative stability of Al vacancy in IN/O-tri
+VAl clusters using the formation energies of IO and IN,
respectively, as the reference states. It is clear from Fig. 3b
that relative lower energy cost for impurity-induced VAl than
for pure one in full pressure range is noted, i.e., the presence
of impurity atoms leads to obviously reduced formation en-
ergies of Al vacancy. It is suggested that once Ti2AlC matrix
accommodates a certain number of N/O impurity atoms, for-
mation of Al vacancy will be promoted regardless of the
environmental condition. Escaped Al atoms can easily com-
bine with outer atmosphere to form binary nanostructures on
the surface of Ti2AlC matrixes. From Fig. 3b, the effect of
speeding up the escape of Al atoms from the lattice is more
efficient for oxygen noted as a much lower Al vacancy for-
mation energy at a relatively lower oxygen pressure com-
pared to the case of nitrogen. This result can provide some
thermodynamic reasons that Al atoms show a higher activity
when combined with oxygen than nitrogen, and it also gives
a hint to the experimental observed phenomena that AlN are
formed as fine wires while Al2O3 as coarse ones.1
The underlying physical origin of the effects of N/O im-
purity atoms on Al depletion is studied by examining the
electron density isosurface of the defect-free structure and
that after N/O impurity atom insertion. Two main characters
are noticed in here. First, the addition of small impurity atom
on interstitial sites obtains valence electrons from its first-
nearest-neighboring Al atoms, and obvious electron deple-
tion is observed on the Al sites. Second, such valence elec-
tron transfer results in weakening of neighboring Ti–Al
bond, which is demonstrated by less electron density popu-
lating within the neighboring Ti–Al bond. Hence, the appear-
ance of impurity atom lowers the vacancy formation energy
of Al atom and accelerates the removal of Al atom.
In conclusion, our work provides a quantitative assess-
ment of the stability of different defect species, interstitial,
antisite, and Frenkel pair in Ti2AlC under different chemical
conditions by using density-functional theory. Open-spaced
region between compact TiC slabs in Ti2AlC is capable of
accommodating a number of defect species. TiAl /AlTi anti-
site shows extraordinary stability depending on desirable
chemical environments; Al and C atoms with small atomic
sizes can occupy various interstices of high symmetry. More
intriguingly, impurity atoms associated with practical atmo-
sphere, such as N and O, can be easily incorporated in
Ti2AlC matrix, and of primary importance, inserted N or O
atom obviously weakens the bonding strength of neighboring
Ti–Al bond and hence promotes the formation of Al vacancy.
This result provides an underlying chemical and electronic
origin for easier formation of Al vacancy, which facilitates
the formation of nanoscale AlN or Al2O3 wires in high-
temperature treatment of Ti2AlC. We propose, by appropri-
ately tuning chemical atmosphere, technologically important
materials, namely, A-group element involved nitrides or ox-
ides, can be obtained from specific MAX phases.
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FIG. 3. Color online a Formation energy of Al vacancy and VAl+ Ii-tri
i=N and O clusters as a function of pressure scale of ideal N2 and O2
gases at a fixed temperature of 1600 K. b Relative formation energy of Al
vacancy for the impurity-free or impurity-involved crystal structures in the
same scale.
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